. We previously demonstrated that blocking DPM neurons did not affect immediate memory for these odors but abolished later memory (Waddell et al., 2000) . Here, we show that prolonged DPM output is required for persistent OCT and MCH memory, consistent with a role for DPM neurons in the consolidation of odor memory. We found a different result with BA-an odor that we show is sensed by the classical olfactory pathway and a noncanonical route. amn flies have a short-term memory defect with BA. Strikingly, this BA memory defect can be mimicked in wild-type flies by blocking DPM output during acquisition, suggesting that DPM neurons have an additional function in BA memory. We found that DPM neurons are present in amn mutants (n Ͼ 10 per genotype; Figure 1B shows a typical {GAL4} (Ito et al., 1998 ; Figure 1E ) that labels DPM neurons and has additional expression in the antennal lobe. amn ex1 brain). In both wild-type and amn mutant fly brains, each DPM neuron sends a single large-diameter The c316 and Mz717 lines express GAL4 in the same DPM neurons because only two DPM neurons are visible neurite toward the MB lobes. The neurite splits and projects to the vertical and horizontal MB lobes. These when the driver lines are combined (data not shown).
Other than DPM neurons, there is no obvious overlap neurites further divide and extend toward the vertically arranged ␣ and ␣Ј lobes and the horizontally arranged between the neurons labeled in c316 and Mz717. Although blocking DPM neurons produces an amn-␤, ␤Ј, and ␥ lobes. The processes form a network of fibers and synaptic boutons throughout all of the lobes like memory defect (Waddell et al., 2000) , it is not known whether shibire ts1 affects dense core vesicle (and, by and into the spur and anterior region of the peduncle. These data indicate that amn is not essential for DPM extension, AMN peptide) release. We therefore asked whether DPM neurons corelease a fast-acting transmittargeting to the MBs during development. Furthermore, these data imply that amn mutant memory is not due ter. ) drives DPM neurons in memory using the c316{GAL4} fly line ( Figure 1A ). c316 mostly expresses GAL4 in DPM neuexpression of transgenes in these cholinergic neurons (Kitamoto et al., 1992 (Kitamoto et al., , 1995 Kitamoto, 2002) . We generrons, and blocking transmission from these neurons produces an amn-like memory defect (Waddell et al., 2000) . ated flies carrying a Cha 3.3kb promoter driving expression of GAL80, a GAL4 repressor (Kitamoto, 2002) , and our This is currently the most specific driver line available to investigate DPM neuron function. In some experic316{GAL4} driver. We reasoned that if DPM neurons are cholinergic, Cha
3.3kb
-GAL80 would inhibit c316{GAL4}-ments, we have also used a less specific line, Mz717 driven reporter expression. We analyzed brains of and Quinn (1985) . We conducted entire 3 hr memory experiments at 25ЊC (at which temperature we expected mCD8:GFP;Cha 3.3kb -GAL80/c316{GAL4} flies for GFP exthe neurons to function normally) and 31ЊC (under which pression in DPM neurons. Figure 1D shows We next used the reversibility of uas-shi ts1 to test whether one odor is forgotten more quickly than the whether DPM output during training ( Figure 2C ) or testother. Later in this study ( Figures 3D-6 ), we present half ing ( Figure 2D ) was required for memory. To block DPM scores to highlight odor-specific effects. Until then, all neuron output during training, we incubated c316;uasdata presented for OCT and MCH memory are average shi ts1 flies and all control flies at 31ЊC for 15 min prior to scores from reciprocal odors. We used OCT with MCH and during training. Flies were returned to 25ЊC immedior OCT with BA, and we denote the odor pair used as ately following training, and 3 hr memory was tested at either OCT-MCH or OCT-BA.
25ЊC. Blocking DPM output during training did not affect We used the GAL4-UAS system (Brand and Perrimon, memory. The memory of c316;uas-shi ts1 flies was indis-1993) to silence synaptic transmission in DPM neurons. tinguishable (p Ͼ 0.9) from uas-shi ts1 control flies that We expressed the dominant temperature-sensitive shiwere trained at the restrictive temperature ( Figure 2C Flies were trained at 25ЊC, and 165 min later they were shifted to 31ЊC. Fifteen minutes later, 3 hr memory was tested at 31ЊC. (E) Blocking DPM output during training and testing does not affect 3 hr memory. Flies were incubated at 31ЊC for 15 min prior to and during training. Immediately after training, they were returned to 25ЊC, and 165 min later they were shifted back to 31ЊC. Fifteen minutes later, 3 hr memory was tested at 31ЊC. (F and G) Blocking DPM output between training and testing impairs 3 hr memory. Flies were trained at 25ЊC, and immediately (F) or 30 min after training (G) they were shifted to 31ЊC for 2 hr. Flies were then returned to 25ЊC and tested for 3 hr memory at 25ЊC.
and 2G). This is the expected window of time in which
This manipulation had no effect on 3 hr memory ( None of flies at 25ЊC, and immediately following training we shifted them to 31ЊC for 2 hr. We then returned the flies the temperature manipulations that were used significantly impaired odor or shock acuity (Table 1 ). In concluto 25ЊC and tested them 1 hr later for 3 hr memory. Blocking DPM output between training and testing prosion, these data suggest that prolonged DPM output at least 30 min after training is required for wild-type 3 hr duced a dramatic loss of memory to levels statistically indistinguishable (p ϭ 1) from that of amn To control for a nonspecific memory deficit produced of bitter almond) instead of OCT or MCH. We discovered that BA is sensed by the classical olfactory route and by blocking DPM output for 2 hr at any point in the experiment, we incubated flies at 31ЊC for 2 hr, then a nonclassical route (Figure 3 ). We tested whether BA avoidance behavior was dereturned them to 25ЊC and trained them 15 min later. 
25ЊC
P D P D 7 0 Ϯ 6 6 5 Ϯ 3 amn
X8

25ЊC
P D P D 7 5 Ϯ 6 7 0 Ϯ 2 c316 25ЊC P D P D 6 9 Ϯ 9 6 3 Ϯ 2 wild-type 31ЊC 8 6 Ϯ 3 8 9 Ϯ 2 9 1 Ϯ 3 8 3 Ϯ 2 c316;uas-shi ts1 31ЊC 7 9 Ϯ 4 8 9 Ϯ 3 8 1 Ϯ 4 7 6 Ϯ 4 Mz717;uas-shi ts1 31ЊC
8 5 Ϯ 5 8 3 Ϯ 5 8 8 Ϯ 3 6 2 Ϯ 2 uas-shi ts1 31ЊC 9 0 Ϯ 5 9 2 Ϯ 3 8 5 Ϯ 2 7 1 Ϯ 5 amn X8 31ЊC 6 9 Ϯ 2 7 7 Ϯ 7 8 4 Ϯ 5 7 6 Ϯ 7 c316 31ЊC 7 6 Ϯ 11 86 Ϯ 6 8 5 Ϯ 6 7 9 Ϯ 3 PD, previously determined. Our earlier studies (Waddell et al., 2000) showed that the olfactory acuity of these strains is not significantly different at 25ЊC.
pendent on the classical olfactory apparatus-the antennae and maxillary palps. We surgically removed the antennae and palps from wild-type flies and tested avoidance of OCT, MCH, and BA in two different assays-the arena situation ( Figures 3A and 3B ) and the T maze used for olfactory learning ( Figure 3C ). Strikingly, significant BA responses were measured in both behavioral paradigms in the absence of olfactory organs, but OCT and MCH avoidance was abolished (Figures 3A, 3B, and 3C). This result suggests that OCT and MCH are classical odor stimuli sensed solely by the olfactory organs, but BA is also sensed by an entirely different mechanism that could be gustatory and/or somatosensory in nature. To further define the nonolfactory BA-sensitive cells, we ablated other sites of chemosensation genetically or surgically. In homozygous pox-neuro (poxn) mutant flies, the chemosensory bristles on the wings, legs, and labelum are transformed into mechanosensory bristles (Awasaki and Kimura, 1997). poxn flies with an intact olfactory system show intermediate BA avoidance, whereas surgical removal of olfactory organs from poxn mutants abolishes BA avoidance ( Figure 3B ). Therefore poxn-affected neurons are responsible for the nonolfactory BA response.
We removed wings from flies to test whether poxnexpressing wing neurons mediate BA avoidance. Wing removal in flies lacking olfactory organs did not alter BA avoidance, suggesting that tarsal or labelar poxnexpressing neurons are more likely involved. We there- Following demonstration that BA avoidance was partially independent of the antennae and maxillary palps ( Figures 3A, 3B , and C), we tested whether these organs were required for BA learning. We surgically removed antennae and maxillary palps from approximately 400 flies and tested their ability to associate OCT and BA with electric shock punishment ( Figure 3C ). Unlike naive avoidance behavior, the ability to associate BA with electric shock requires the antennae and maxillary palps. Flies lacking these structures do not learn with OCT or BA. However, it should be noted that the learning experiment without olfactory organs is not ideal, because flies lacking olfactory organs cannot sense OCT and therefore should only be able to partially sense one of the odors used in training and testing-BA.
amn Mutant Flies Learn Poorly with BA, and the Defect Is Partially DPM Dependent The finding that BA is sensed differently to OCT and MCH raised the question of whether BA odor memory was acquired differently. We therefore tested wild-type and amn mutant fly learning with OCT-BA. We noticed a dramatic asymmetry in the learning scores ( Figure 4A ). The half score data revealed that, whereas wild-type flies learned well with OCT and BA, OCT learning of amn X8 flies was indistinguishable (p ϭ 1) from wild-type flies but BA learning was greatly reduced (p Ͻ 0.01) ( Figure 4A ).
It has previously been reported that amn 1 mutant flies . We therefore tested if DPM expression of amn restored BA immediate memory to amn be explained by a change in relative odor acuity.
We also tested whether amn affected the alternate mutant flies. In these experiments, we also used the Mz717 driver to increase the confidence that rescue noncanonical pathway for sensing BA. We removed the antennae and palps from wild-type and amn X8 mutant could be ascribed to DPM neurons. We generated amn
X8
;c316/uas-amn and amn
;Mz717/uas-amn flies flies and tested avoidance of BA, MCH, and OCT ( Figure  4C ). amn X8 flies without olfactory organs displayed BA and tested BA and OCT immediate memory ( Figure 4A ). The amn
;Mz717/uas-amn avoidance that was indistinguishable from wild-type flies lacking olfactory organs (p Ͼ 0.3). These data sugflies learned to avoid BA significantly better than amn X8 flies (p Ͻ 0.01 for both), but their performance was still gest that amn does not affect BA sensation by the classical olfactory or the noncanonical route and instead is significantly worse than that of wild-type flies (p Ͻ 0.01 for both). Thus, expressing amn principally in DPM neulikely to affect neurons that are involved in processing BA information.
rons partially restored BA immediate memory. In con- Figure 5 ). We expressed uas-shi ts1 in DPM neuBlocking DPM Output during Acquisition Impairs BA but Not OCT Memory rons with c316{GAL4}. We used the BA-OCT odor pair and tested immediate memory at both the permissive DPM output is required to stabilize OCT-MCH memory but is not required during acquisition of these odor mem-25ЊC and the restrictive 31ЊC. At 25ЊC, the BA learning scores of all genotypes, except amn X8 , were not statistiories ( Figures 2F and 2G ). Having observed a significant BA learning defect when we blocked DPM output ( Figure  cally different (p Ͼ 0.1) (Figures 5A and 5B) . However, blocking DPM output with c316;uas-shi ts1 specifically 5B), we tested whether DPM output was required during acquisition of BA memory (Figure 6 ). We blocked DPM reduced BA immediate memory (p Ͻ 0.01) ( Figure 5B ) and left OCT immediate memory intact (p Ͼ 0.2) (Figure neuron output 15 min before training by incubating c316;uas-shi ts1 and Mz717;uas-shi ts1 flies at 31ЊC. We 5A). Crucially, the uas-shi ts1 control flies do not have a defect with BA or OCT at 31ЊC (Figures 5A and 5B) . trained the flies with BA-OCT at 31ЊC and immediately returned the flies to 25ЊC to restore DPM function. We For comparison, we also tested whether blocking DPM output impaired OCT and MCH immediate memory (Figtested , and amn ex39 mutant flies (Figure 1 ). The extended (up to 1 hr) memory (Waddell et al., 2000) . In this report, we demonstrate that DPM output is dispensmain branches of the major neurite are present, and the lobes of the MBs are ensheathed in the characteristic able during training and recall for 3 hr OCT-MCH memory ( Figures 2C, 2D, and 2E) . Strikingly, DPM output is reputative DPM-MB synapses. Therefore, amn is not required for DPM neuron survival or for the gross targeting quired at least 30 min into the period between training and testing ( Figures 2F and 2G In the nematode, chemosensory neurons have been divided into those responding to volatile stimuli and non-DPM Neuron Output and Acquisition volatile stimuli, corresponding to olfactory and gustatory of BA Memory senses, respectively (Bargmann et al., 1993; Bargmann We discovered that DPM output is required during acand Horvitz, 1991). This division based on the stimulus quisition to associate BA with electric shock. Blocking type seems most relevant for the biology of terrestrial DPM output during acquisition blocks BA memory but animals, and we favor the interpretation that chemosennot OCT or MCH (Figure 6) . Therefore, the temporal sory neurons of the olfactory class but lying outside of requirements for DPM output show some odor specificthe classical olfactory system are tuned to BA. Future ity. This finding implies that DPM neurons may be differwork will be aimed at characterizing these atypical senentially involved in odor memory. sory neurons and mapping their circuitry in the brain. 
